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Previously, we demonstrated an important role for insulin in the protection of endothelial cells against
hyperglycemic stress through maintaining cellular glutathione (GSH) redox balance. The current study focuses
on the contribution of insulin to transcriptional control of endothelial cell GSH recovery during acute oxidative
challenge and the influence of low glucose. The results show that insulin induced an approximate 2-fold
increase in expression of 'y-glutamylcysteine ligase catalytic subunit (GCLc) mRNA and protein; interestingly,
cellular GSH levels were not elevated accordingly. However, on tert-butylhydroperoxide challenge, insulin-
treated cells demonstrated a robust GSH recovery that was attributed to a greater capacity for de novo synthesis
via elevated GCLc levels. Notably, the effects of insulin were observed under low, but not normal, glucose
conditions. Our results implicate a role for Nrf2 involvement in both constitutive and inducible endothelial
GCLc expression and GSH synthesis, while PI3K/Akt/mTOR signaling appears to participate only in insulin-
inducible GSH synthesis. Collectively, these results support the functional importance of insulin in Nrf2-
dependent transcriptional upregulation of GCLc in GSH recovery during oxidative challenge and suggest a

possible role for hypoglycemia in promoting insulin-mediated GCLc upregulation.

© 2008 Elsevier Inc. All rights reserved.

Introduction

y-Glutamylcysteinyl glycine, or glutathione (GSH), is a thiol
tripeptide that plays important roles in a number of cellular functions
including antioxidant defense and thiol redox signaling. The redox
potential of the glutathione/glutathione disulfide (GSH/GSSG) redox
couple is typically indicative of the overall cellular redox environment
and is often used as a quantitative assessment of oxidative stress [1].
Cellular GSH has a profound impact on vascular endothelial function
and phenotype, such as modulation of endothelial permeability [2],
chemotaxis, tube formation, angiogenesis [3,4], constitutive and
inducible ICAM-1 expression, and leukocyte adhesion [5], as well as
endothelial-dependent vasodilation [6]. These effects of GSH are likely
through scavenging of reactive oxygen species (ROS), which play
second messenger roles in endothelial function, and through post-
translational modification of signaling proteins via glutathiolation of
redox-sensitive cysteine residues within these proteins. Notably,
animal models of a number of cardiovascular diseases including
hypertension, atherosclerosis, and diabetes, which are characterized
by vascular oxidative stress and endothelial dysfunction, display
prominent decreases in vascular tissue GSH levels [7-9]. In this regard,

Abbreviations: BSO, L-buthionine-(S,R)-sulfoximine; DTT, dithiothreitol; FBS, fetal
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GCL; HRP, horseradish peroxidase; PBS, phosphate-buffered saline; PMSF, phenyl-
methylsulfonyl fluoride; ROS, reactive oxygen species; tBH, tert-butylhydroperoxide.
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intravenous GSH infusion has been shown to improve endothelial-
dependent vascular reactivity in patients at risk for or diagnosed with
coronary artery disease [6,10] and those with coronary spastic angina
[11]. These observations underscore an important role for GSH in the
protection against vascular oxidative stress and cardiovascular disease.
Intracellular GSH levels are maintained by de novo synthesis,
redox cycling, and transmembrane transport. The importance of de
novo synthesis is underscored by observations that inhibition of -y-
glutamylcysteine ligase (GCL), the rate limiting enzyme in the first of
two steps in GSH formation, can significantly deplete GSH in cultured
cells and tissues within hours [12-15]. The GCL holoenzyme is a
heterodimer composed of a catalytic (GCLc) and a modulatory
(GCLm) subunit, and while GCLc alone possesses all of the catalytic
activity of the enzyme, dimerization with GCLm increases enzymatic
efficiency [16]. GCLc transcription is a primary means for increasing
enzyme activity in response to a number of growth factors, cytokines,
and electrophillic compounds. A particular single nucleotide poly-
morphism (-129 C/T) within the GCLc promoter decreases GCL
activity and has been linked to endothelial dysfunction, coronary
artery disease, and myocardial infarction in several ethnic groups
[17-19]. Collectively, these findings support a role for transcriptional
regulation of GCLc in maintaining normal vascular function.
Evidence suggests that GCLc transcription is regulated primarily by
the transcription factor nuclear factor erythroid 2-related factor 2
(Nrf2), whether induction is via mechanical stimuli such as laminar
flow [20], or electrophilic agents such as B-naphthoflavone ([3-NF)
[21], peroxynitrite (ONOO") [22], or tert-butylhydroquinone (tBHQ)


mailto:taw@lsuhsc.edu
http://dx.doi.org/10.1016/j.freeradbiomed.2008.09.013
http://www.sciencedirect.com/science/journal/08915849

1592 W. Langston et al. / Free Radical Biology & Medicine 45 (2008) 1591-1599

[23]. Nrf2 is a member of the cap-n-collar (CNC) family of basic leucine
zipper (bZIP) transcription factors and is expressed ubiquitously in
most cell types. Normally sequestered in the cytosol by Kelch-
associated protein 1 (Keap1), Nrf2 translocates to the nucleus under
conditions of oxidative stress and activates transcription of a number
of Phase II cytoprotective genes involved in antioxidant defense and
maintenance of redox homeostasis, including GCLc. Different inves-
tigators have demonstrated a role for growth factor-induced PI3K
signaling in Nrf2-mediated upregulation of Phase II detoxication
enzymes [24].

Insulin plays an important cytoprotective role in endothelial cells
via Akt-dependent inhibition of apoptosis via inactivation of proa-
poptotic molecules such as FKHRL1, Bad, and caspase 9, coincident
with activation of eNOS and nitric oxide (NO.) production [25]. An
underlying feature common to diabetes, hypertension, and athero-
sclerosis is a decreased vascular response to insulin. The fact that
endothelial dysfunction and oxidative stress accompany cardiovas-
cular pathologies associated with decreased insulin sensitivity
suggests that insulin plays an important role in the regulation of the
endothelial redox environment. Insulin treatment has been shown to
increase GSH in rat hepatocytes via transcriptional upregulation of
GCLc expression [16,26], suggesting that insulin signaling contributes
to cellular GSH redox balance. In the present study, we sought to
determine the effect of insulin on endothelial GCLc expression and
cellular GSH and the response to hydroperoxide challenge. Here we
show that while insulin per se has no effect on endothelial GSH, it
increases GCLc expression and promotes rapid recovery of cellular
GSH from an acute oxidative stress. We further found that low
extracellular glucose stimulates the responses to insulin.

Methods
Reagents

Porcine insulin, tert-butylhydroperoxide (tBH), L-buthionine-(S,R)-
sulfoximine (BSO), rapamycin B, insulin-transferrin-sodium selenite
solution, hygromycin B, leupeptin, aprotonin, and Medium 199 were
purchased from Sigma (St. Louis, MO). LY294002, okadaic acid, and
Akt Inhibitor (SH-5) were purchased from Calbiochem (San Diego, CA).
Anti-GCLc rabbit polyclonal antibody was obtained from NeoMarkers
(Fremont, CA), anti-actin mouse monoclonal antibody from BD
Biosciences (San Jose, CA), and anti-Nrf2 rabbit polyclonal antibody
from Santa Cruz (No. SC722, Santa Cruz, CA). Total and phospho-
specific Akt, mTOR, and p70S6K antibodies were purchased from Cell
Signaling Technologies (Danvers, MA). HRP-linked goat-anti-rabbit
and goat-anti-mouse antibodies and ECL plus chemiluminescent
detection reagents were purchased from Amersham Biopharmacia
(Piscataway, N]). The empty (pEF), WT (pEF-Nrf2), and dominant
negative Nrf2 (pEF-dnNrf2) expression vectors were kind gifts from
Dr. Jeffrey Johnson at the University of Wisconsin-Madison, and the
hygromycin resistance vector (pTK-Hyg) was a gift from Dr. Lynn
Harrison at LSUHSC-S. All other chemicals were of reagent grade and
purchased from Sigma.

Cell culture conditions

An immortalized human brain endothelial cell line (IHEC) was a
kind gift from Dr. Danica Stanimirovic of the National Research
Council Canada's Institute for Biological Sciences and was propagated
by Dr. Steven J. Alexander at LSUHSC. IHECs were cultured in M-199
with 10% FBS, 1% insulin-transferrin-sodium selenite solution, and 1X
antibiotic/antimycotic at 37°C in 5% CO,. For experiments, confluent
endothelial monolayers were serum-starved overnight in M-199 base
media supplemented with antibiotic/antimycotic followed by phar-
macological treatment in fresh base media for the specified time
periods. For experiments utilizing stable stably transfected cell lines,

cells were maintained and passaged in M-199 with 10% FBS, 1%
insulin-transferrin-sodium selenite solution, 1X antibiotic/antimyco-
tic, and 50 pg/mL hygromycin (B) Cells were serum-starved in the
presence of 50 pug/mL hygromycin B, and experiments were performed
in M-199 base media with antibiotic/antimycotic and 50 pg/mL
hygromycin (B) Cell viability was routinely checked and was
unaffected under conditions of serum starvation.

Cell incubations for GSH determination

Confluent IHEC monolayers in 6-well plates were treated with
100 nM insulin for up to 72 h. For experiments with tert-
butylhydroperoxide, IHEC were treated with insulin for 48 h prior to
100 puM ¢BH treatment for 3 h. For BSO treatments, cells were treated
with insulin for 48 h, and then pretreated with 300 M BSO for 1 h
prior to tBH exposure. In studies of PI3K/Akt/mTOR involvement, cells
were pretreated with the respective kinase inhibitors for 1 h prior to
insulin coadministration for 48 h and then treated with tBH. Cells
were lysed in 5% TCA at designated time points and scraped into
1.5 mL microcentrifuge tubes. GSH concentrations were measured as
previously described [27,28]; (see below).

Quantification of GSH

Cellular GSH content was determined by high-performance liquid
chromatography (HPLC, 24). In all determinations, the acid super-
natants were derivatized with 6 mM iodoacetic acid and 1% 2,4-
dinitrophenyl fluorobenzene to yield the S-carboxymethyl and 2,4-
dinitrophenyl derivative of GSH. Separation of GSH derivatives was
performed on a 250x4.6 mm Alltech Lichrosorb NH2 10-pm anion-
exchange column. Cellular GSH contents were quantified by compar-
ison to standards derivatized in the same manner. Protein pellets were
resuspended in 1 mL 0.1 M NaOH for protein quantitation.

Western analysis of GCLc, Akt, mTOR, and p70S6K

Cells were treated with 100 nM insulin in serum-free media for up
to 72 h and lysed in RIPA with aprotinin, PMSF, okadaic acid, and
leupeptin at the designated time points. Total protein (40 pg) per
sample was loaded onto 10% acrylamide gels and separated at 100 V
followed by transfer to PVDF overnight at 30 V at 4°C. Membranes
were blocked in 5% milk TBS-T at room temperature for 1-2 h and then
incubated with rabbit anti-GCLc (1:1000) in 5% milk TBS-T for 1 h at
room temperature, or anti-phospho-Akt>™73 (1:1000), anti-phospho-
mTORS™2448 (1:1000), or anti-phospho-p70S6KinaseSer241/Thr244
(1:1000) in 5% BSA TBS-T for overnight at 4°C. After washing,
membranes were incubated in HRP-conjugated goat-anti-rabbit
secondary for 2-3 h at room temperature followed by washing and
5 min incubation with ECL reagents. For phospho-specific Western
blots, membranes were then stripped and blotted for total expression
of the respective kinases (total Akt, mTOR, and p70S6K were used at
1:1000 in 5% BSA TBS-T and membranes were incubated overnight at
4°C). Expression was normalized to actin using a mouse monoclonal
antibody (1:5000).

Isolation of nuclear protein and Western analysis of nuclear Nrf2
expression

IHEC nuclear protein was isolated as described previously [29].
Briefly, confluent IHEC monolayers in T-75 flasks were serum-starved
overnight and then treated with 100 nM insulin for up to 24 h. At each
time point, the monolayers were scraped in PBS, pelleted, and then
resuspended in a hypotonic buffer (10 mM HEPES, pH 7.9, 1.5 mM
MgCl,, 10 mM KCl, 0.5 mM DTT, 0.2 mM PMSF). Cell pellets were
resuspended in the same hypotonic buffer with 10% IGEPAL, and kept
on ice for 5 min prior to disruption of the plasma membranes in a glass
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homogenizer. The resultant suspension was centrifuged for 1 min at
12,000 rpm, 4°C, and the supernatant (cytosolic protein) was stored at
-20°C. The remaining pellet was resuspended in a low salt buffer
(20 mM HEPES, pH 7.9, 1.5 mM Mg(l,, 20 mM KCl, 0.2 mM EDTA, 25%
glycerol, 0.5 mM DTT, 0.2 mM PMSF) and a hypertonic solution
(20 mM HEPES, pH 7.9, 1.5 mM MgCl,, 1 M KCl, 0.2 mM EDTA, 25%
glycerol, 0.5 mM DTT, 0.2 mM PMSF) was added dropwise at half the
volume of the low salt buffer (for 1 T-75, 100 L low salt buffer and
50 pL hypertonic solution added slowly). The suspension was
centrifuged at 12,000 rpm for 5 min at 4°C and the supernatant
(nuclear protein) was stored at -20°C. Nuclear proteins (20 pL) were
separated on a 10% gel, followed by transfer to PVDF overnight at 30 V
and 4°C. Western blotting was conducted as described above for GCLc
with the exception that incubation with the Nrf2 antibody (rabbit
polyclonal, 1:500) was overnight at 4°C. The results were normalized
to histone H1 protein (mouse monoclonal, 1:2000).

Semiquantitative PCR analysis of GCLc mRNA

Confluent IHEC monolayers were serum-starved overnight and
then treated with 100 nM insulin for various times. At designated time
points, mRNA was isolated using a Qiagen RNeasy kit and quantitated
on an Agilent 2100 Bioanalyzer. cDNA was synthesized from 1 ug of
each sample using Applied Biosystems reverse transcription reagents
per the manufacturer's instructions, and 20 pL of each cDNA reaction
was used for PCR. The primers and reaction conditions were as
follows: GCLc, sense primer 5’-CGGGATCCTCCAGTTCCTGC-3’, and
antisense primer 5'-ACCTCGGGCAGTGTGAACCC-3’; PCR conditions,
40 cycles of 94°C for 30 s, 55°C for 30 s, 72°C for 60 s; GAPDH, sense
primer 5’-ATGGGGAAGGTGAAGGTCGG-3’ and antisense primer 5’'-
ATGACCTTGCCCACAGCCTT GG-3’; PCR conditions, 30 cycles of 94°C
for 30 s, 55°C for 30 s, 72°C for 60 s.

Generation of stable IHEC cell lines overexpressing WT or dominant
negative Nrf2

IHEC were trypsinized and 1x10° cells were pelleted and
resuspended in 100 pL Amaxa nucleofection buffer along with
0.2 yg pTK-Hyg and 2 pg of either an empty mammalian expression
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vector (pEF) or the same vector containing cDNA for either the wild-
type (pEF-Nrf2) or a dominant negative (pEF-dnNRF2 [30]) Nrf2
transcription factor. For each of these nucleofections, cells were
plated in 100-mm dishes in full M-199 media supplemented with
100 pg/mL hygromycin B (Sigma). After 4-6 weeks, isolated colonies
were transferred to 35-mm dishes and cultured as needed. Clone
selection was based on Western analyses of protein expression of
Nrf2 in the various cell lines.

Other assays

Cell viability

Cell viability was determined by trypan blue exclusion. Confluent
IHEC monolayers in 6-well plates were trypsinized and cells
resuspended in PBS. An aliquot of the cell suspension was mixed
with an equal volume of 0.4% trypan blue (3 min), and counted using a
hemacytometer. Viability was expressed as percentage of the ratio of
cells that excluded the dye to total cell number.

Media glucose
Media glucose was measured in duplicate using an Accu-Chek
Advantage glucometer and Accu-Chek Comfort Curve test strips.

Statistical analysis
All results are expressed as mean+SE, and all data were analyzed
by one-way ANOVA using Bonferroni's post test for comparison.
P<0.05 was considered statistically significant.
Results
Insulin treatment Increases GCLc mRNA and protein expression in IHECs
To investigate the effects of insulin on endothelial GCLc protein and
mRNA expression, confluent IHEC were treated with 100 nM insulin
for up to 72 h. Western blot analysis of GCLc expression showed a
significant increase by 36 h (Fig. 1A) that was preceded by a significant

increase in GCLc mRNA at 24 h (Fig. 1B). The kinetics of GCLc
expression over the same time period were unchanged in untreated

GCLc
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Fig. 1. Insulin increases GCLc protein and mRNA expression in IHECs. Confluent IHEC monolayers were treated with 100 nM insulin for the indicated time periods and GCLc protein
and mRNA expression were determined by Western blotting and semiquantitative PCR, respectively. (A) GCLc protein expression was normalized to [3-actin (upper panel) and
expressed as fold change in expression from 0 h (lower panel). *P<0.05 vs 100 nM Insulin at 0 h, #P<0.05 vs no insulin at respective time points. (B) GCLc mRNA expression was
normalized to GAPDH mRNA (upper panel) and expressed as fold change from 0 h (lower panel). *P<0.05 vs 0 h.
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cells (Fig. 1A), consistent with an insulin-specific effect. This finding
that insulin enhances GCLc expression in endothelial cells is in
agreement with studies in hepatocytes [16,26].

Insulin-induced GCLc expression enhances the potential for GSH
production in IHECs during tert-butylhydroperoxide challenge

To determine whether the increase in GCLc expression resulted in
elevated cell GSH, GSH levels were measured over the 72-h time
period. Interestingly, insulin treatment did not elevate GSH levels
(Fig. 2A). Over 72 h, there was a steady, parallel decline in GSH levels
in untreated and insulin-treated cells, demonstrating that while
insulin increased GCLc expression, the enhancement of protein
expression did not translate into an increase in cell GSH levels.
These results are consistent with an efficient GSH feedback inhibition
at the level of GCL activity when GSH concentrations are sufficiently
high. To test whether insulin-induced GCLc expression affected GSH
concentrations during oxidative stress, insulin-treated IHECs were
challenged with tBH (100 uM). The results in Fig. 2B show that tBH
exposure significantly decreased cell GSH by 30 min in both control
and insulin-treated cells. However, GSH in insulin-treated cells began
to recover at 1 h and essentially reached preoxidant levels by 3 h. In
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Fig. 2. Insulin enhances GSH recovery in IHECs after acute tBH stress in a GCL-
dependent manner. Confluent IHECs were treated with 100 nM insulin for 72 (A) or for
48 h followed by exposure to tBH (B and C). Total cellular GSH was measured by HPLC as
described under Methods. (A) Time course of GSH levels without or with insulin
treatment for 72 h. (B) Cells were treated with insulin for 48 h and challenged with
100 puM tBH for 3 h. Cellular GSH was determined at designated times. #P<0.05 vs no
insulin at the same time point. (C) The 48-h insulin-treated cells were incubated with
300 uM BSO for 1 h prior to 100 pM tBH administration for 3 h. Cellular GSH was
determined at designated times. #P<0.05 vs 300 uM BSO at respective time point.
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Fig. 3. Insulin activates the PI3K/Akt/mTOR/p70S6K pathway in IHECs. IHECs were
treated with 100 nM insulin and at designated times up to 2 h, the phosphorylation
status of Akt Ser?’3, mTOR Ser?**®, and p70S6K Thr*?' and Ser*?* was assessed by
Western blotting. The membranes were stripped and reprobed for total kinase protein
as well as actin to verify equal protein loading in each lane. One representative of three
Western blots is shown for each kinase.

contrast, GSH in untreated cells continued to decrease throughout
the 3-h incubation with tBH (Fig. 2B). To validate that insulin-
mediated recovery of GSH was due to de novo GSH synthesis, we
pretreated cells with 300 uM BSO prior to tBH challenge. The results
show that pretreatment with BSO, a known inhibitor of the activity of
GCL, but not of the expression of GCLc protein [29], completely
prevented insulin-induced GSH recovery (Fig. 2C), indicating that the
insulin-induced GSH recovery was GCL dependent. Thus, insulin-
induced GCLc expression promoted restoration of the intracellular
GSH pool following tBH challenge, suggesting that insulin functions
to enhance endothelial cell capacity to maintain cellular GSH during
oxidative stress.

Enhanced GSH recovery in insulin-treated cells is dependent on PI3K
signaling

Our recent studies have shown that insulin-induced endothelial
GCLc expression during hyperglycemia was associated with activation
of the PI3K/Akt/mTOR/Nrf2 pathway [29]. We tested whether this
pathway was involved in insulin-mediated GCLc expression and
protection against tBH-induced oxidative stress by examining the
phosphorylation status of Akt, mTOR, and p70S6K. The results in Fig. 3
revealed that insulin treatment resulted in rapid phosphorylation of
each kinase as early as 5 min post exposure without affecting total
protein levels, in agreement with our recent study [29]. To further
explore the involvement of the kinase pathway, confluent IHECs were
pretreated with inhibitors of PI3K (LY294002), Akt (SH-5), or mTOR
(rapamycin) for 1 h prior to insulin cotreatment for 48 h. Pretreatment
with the kinase inhibitors decreased kinase phosphoprotein levels
(data not shown) and insulin-induced Nrf2 nuclear accumulation and
GCLc protein expression [29]. Accordingly, these inhibitors signifi-
cantly attenuated insulin-mediated GSH recovery after tBH treatment
(Fig. 4A); notably, the GSH levels in cells pretreated with kinase
inhibitors were similar to those caused by BSO. Interestingly, cellular
GSH levels were unaffected by 48 h treatment with the inhibitors
alone or inhibitors plus insulin in the absence of tBH challenge (Fig.
4B), consistent with the suggestion that PI3K signaling plays a
minimal role in regulating constitutive GSH levels, but is important
in the insulin-mediated GSH recovery post oxidative challenge. It was
noted that 48 h PI3K inhibition followed by 3 h tBH exposure resulted
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tBH challenge. (A) Confluent IHEC monolayers were pretreated with 10 uM LY294002,
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48 h. Thereafter cells were challenged with 100 pM tBH for 3 h and cellular GSH levels
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in IHEC cytotoxicity which may have contributed to the noticeably
lower cell GSH levels in these cells as compared to the other kinase
inhibitors and BSO (Fig. 4A). However, cytotoxicity was not evident in
cells treated with LY294002 alone in the absence of tBH (Fig. 4C), or in
cells treated with SH-5 or rapamycin with or without tBH (data not
shown).

Insulin enhances post-tBH GSH recovery in an Nrf2-dependent manner

Fig. 5A illustrates the relationship between insulin and expression
of nuclear Nrf2. The results show that insulin induced a time-
dependent increase in nuclear Nrf2 expression between 4 and 24 h
that achieved statistical significance at 24 h, a time that corresponded
to significant increases in GCLc message and preceded expression of
GCLc protein (see Fig. 1A). To explore the functional role of Nrf2, we
generated stable THEC cells lines that overexpress vector control
(pEF1), WT Nrf2 (pEF-Nrf2), or a dominant negative mutant Nrf2 (pEF-
dnNrf2). Fig. 5B shows that under control, non-insulin-stimulated

conditions Nrf2 was primarily localized to the nucleus and was barely
detectable in the cytosol in pEF1 cells. Increased Nrf2 protein was
detected in cells overexpressing wild-type and dominant negative
Nrf2, pEF-Nrf2, and pEF-dnNrf2, respectively, which localized to both
cytosolic and nuclear compartments (Fig. 5B). The presence of nuclear
Nrf2 in the absence of insulin indicates the existence of a constitutive
Nrf2 pool within the nucleus, in agreement with recent suggestions
that Nrf2 resides primarily in the nucleus under nonstimulated
conditions [31].

Figs. 5C and 6 illustrate the results of Nrf2 overexpression and
functional knockdown on insulin-mediated GSH recovery after tBH
challenge. In pEF1 cells, tBH induced time-dependent decreases in cell
GSH over 2 h which were restored to pre-tBH levels by insulin
pretreatment (Fig. 5C), resembling the findings in WT IHEC cells (see
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Fig. 5. Cytosolic-nuclear distribution of Nrf2 and insulin stimulation of Nrf2 nuclear
translocation and GSH recovery post-tBH challenge. (A) Confluent IHECs were treated
with 100 nM insulin for 24 h and nuclear protein was isolated at the indicated time
points for assessment of nuclear Nrf2 expression by Western blotting (top panel). Nrf2
expression was normalized to histone H1 and expressed as fold change vs 0 h (lower
panel). *P<0.05 vs 0 h. (B) Cytosolic and nuclear fractions were prepared from IHECs
stably transfected with empty mammalian expression vector (vector control, pEF1), or
with vector containing either dominant negative (dn) or wild-type (wt) Nrf2. Nrf2
protein contents in the subcellular compartments for each IHEC clones were examined
by Western analyses. The membranes were reprobed with actin or histone H1,
respectively, to verify equal protein loading in the cytosolic and nuclear compartments.
One representative of two Western blots is shown. (C) IHEC cells stably transfected
with an empty expression vector (pEF1) were treated with 100 nM insulin for 48 h
prior to challenge with 100 uM tBH for 2 h. Cellular GSH contents were measured at
designated times. *P<0.05 vs pEF1 minus Ins at 0 h. #P<0.05 vs pEF 1 minus Ins at
respective time points.
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Fig. 2B). In the absence of insulin, pEF-Nrf2 cells exhibited similar
baseline GSH levels (Figs. 6A and C) as vector controls (pEF1, Fig. 5C),
but tBH induced a more gradual GSH loss in Nrf2-overexpressing cells
(Fig. 6A). Remarkably, a 48-h insulin pretreatment doubled GSH levels
in these cells which were maintained over the time course of 2-h tBH
treatment (Fig. 6A). In contrast, overexpression of dominant negative
Nrf2 (pEF-dnNrf2) reduced basal GSH concentrations by half, and
were essentially unchanged by exposure to tBH (Figs. 6B and D).
Pretreatment with insulin did not significantly raise cellular GSH
levels except at 2 h post-tBH challenge (Figs. 6B and D). It is notable
that GSH levels in pEF-dnNrf2 cells were consistently ~50% of that in
vector controls with or without the presence of insulin and/or tBH
(Figs. 6C and D). Taken together, the results indicate a role for Nrf2 in
insulin-mediated enhancement of GSH production after acute
oxidative stress and suggest that Nrf2 regulates both constitutive
and inducible GSH levels in IHECs.

Low glucose enhances the insulin-mediated increase in GCLc expression

The findings that insulin induction of GCLc occurred at 36 h and
that IHEC GSH decreased over 72 h in the absence of fresh media
change (Fig. 2A) suggest the development of a hypoglycemic state and
oxidative stress that contributed to GCLc regulation. To test this, we
measured media glucose and its status on GCLc expression. Fig. 7A
shows that media glucose concentrations steadily declined over 48 h
in cell incubation without or with insulin treatment with a slightly
greater decrease in the presence of insulin at all time points. Media
glucose levels were decreased by 75 and 87.5%, respectively, at 48 h
(Fig. 7A); media glucose levels were essentially undetectable at 72 h,
but cell viability was maintained at 95% (data not shown). The
coincidence of 24-h nuclear Nrf2 accumulation and GCLc mRNA
expression (Figs. 1B and 5A) with significant media glucose depletion
at this time (Fig. 7A) suggests that low glucose could be permissive for
insulin action on GCLc expression. To address the influence of low
glucose, cells were incubated first for 14 h to decrease media glucose
before the addition of insulin. Under these reduced glucose condi-
tions, insulin enhanced GCLc expression within 6 h, which peaked at
8 h and remained elevated for 12 h (Fig. 7B). These results suggest that
the lengthened kinetics of insulin-induced GCLc expression at 36 h
under normal glucose conditions (Fig. 1A) was due to a time-
dependent development of a low glucose state which appears to be
requisite for GCLc upregulation.

To examine the role of Nrf2 in insulin induction of GCLc under low
glucose conditions, media glucose was first decreased for 14 h in pEF-
Nrf2 and pEF-dnNrf2 cell incubations prior to insulin treatment. Fig.
7C shows that under these conditions, Nrf2 overexpression signifi-
cantly stimulated GCLc expression at 4 h after insulin administration,
and the elevated GCLc levels were maintained for 12 h. In contrast,
GCLc levels were undetectable at all time points in pEF-dnNrf2 cells
(Fig. 7D). Also notable was that baseline Nrf2 expression was
suppressed in pEF-dnNrf2 cells (Fig. 7D), suggesting that Nrf2 is
responsible for constitutive and insulin-induced GCLc expression in
[HECs under conditions of decreased glucose.

Discussion

The current study demonstrates that insulin induced Nrf2-
dependent GCLc expression, which enhanced endothelial cell GSH
recovery during oxidative stress. Our results further show that the
insulin effect is promoted by low glucose. These conclusions are
supported by several lines of evidence. While insulin alone was
insufficient to increase GSH, it elicited significant increases in GCLc
message and protein levels that enhanced the cellular capacity for
GSH recovery following acute tBH challenge. The finding that
insulin-induced GSH recovery was blocked by inhibition of de
novo GSH synthesis is consistent with a GCL-dependent event. A

functional role for Nrf2 in insulin-mediated GSH increases was
supported by the findings that overexpression of dominant negative
Nrf2 suppressed insulin-induced as well as constitutive GSH
synthesis. Additionally, insulin-mediated GCLc upregulation is
kinetically faster in cells overexpressing wt-Nrf2 while being
abrogated in dominant negative Nrf2 overexpressors. Furthermore,
inhibition of insulin signaling with PI3K/Akt/mTOR Kkinase inhibitors
effectively prevented insulin-induced GSH increases, in agreement
with our previous studies [29]. Our suggestion that low glucose may
be permissive for insulin-mediated GCLc induction and enhanced
GSH synthesis is supported by the findings that (a) insulin increased
GCLc expression on a significantly shorter time scale in cells cultured
under low than normal glucose conditions, and (b) insulin admin-
istration under normal glucose conditions did not significantly
elevate GCLc expression until glucose levels were markedly
depleted.

The observations that insulin increases IHEC GCLc expression are
in agreement with our recent findings in endothelial cells [29] and
with previous studies in rat hepatocytes [16,26]. However, the novel
finding that insulin per se exerted no effect on GSH levels in IHECs is in
contrast to hepatocytes, and suggests a critical posttranscriptional
regulation of GSH at the level of the activity of GCL in endothelial cells.
Importantly, the benefit of increased IHEC GCLc expression afforded
by insulin is only apparent during an acute oxidative challenge
wherein insulin-treated cells exhibited an enhanced capacity to
effectively recover their cellular GSH pool. It is notable that steady-
state cellular GSH levels were maintained at ~1 nmol/mg protein
following tBH stress (Figs. 2 and 6); only in BSO-treated cells did
cellular GSH fall below this level (Fig. 2). One could speculate that
when the free GSH pool reaches a minimal level during oxidative
stress, the oxidation of an alternate thiol pool such as protein
sulfhydryls could become important. This suggestion is consistent
with our recent findings of a relationship between oxidation of protein
thiols and susceptibility of IHECs and intestinal cells to hyperglycemia
and menadione challenge, respectively [29,32]. The current result that
cells overexpressing dominant negative Nrf2 consistently maintained
low GSH concentrations at ~1 nmol/mg protein that were unaltered
by tBH treatment (Fig. 6B) as compared to wild-type cells (Fig. 5B)
supports the notion of a minimal threshold for GSH oxidation during
oxidant exposure. The presence of a low and stable basal GSH pool in
PEF-dnNrf2 cells (Fig. 6B) in the absence of tBH stress could be the
result of either incomplete inhibition of GCLc expression by the
dominant negative mutant or greater competitive binding of endo-
genous Nrf2 or both. Alternatively this GSH pool could represent a
GCL-independent pool derived from GSSG reduction and/or GSH
transport.

A consistent observation in the current study is a 2-fold increase in
GCLc expression which supports the contention of a tight control of
endothelial GSH synthesis. Our results are in agreement with
published reports of 2-fold induction of GCLc protein levels in various
cell types regardless of whether the stimulus is endocrine [29,33,34],
pharmacological [35], or genetic [5]. To our knowledge, only
hepatocytes [26] exhibit GCLc increases of higher than 4-fold,
consistent with a major role of hepatic cells in detoxication. Previous
findings that GCLc knockout mice as well as systemic GCLc transgenic
overexpressors are embryonic lethal [36,37] support a tight transcrip-
tional control of GSH synthesis. Thus, while GSH concentrations are
typically at millimolar levels in most cell types, cellular GSH home-
ostasis is a finely controlled process through rigorous regulation of
GCLc expression.

As was previously demonstrated during hyperglycemic stress [29],
PI3K/Akt/mTOR/Nrf2 signaling similarly mediates insulin-induced
GCLc expression during hypoglycemic stress and GSH increases
during tBH stress. Other observations that inhibition of PI3K/Akt/
mTOR signaling abolished insulin-induced hepatocyte GCLc expres-
sion [26] and that PI3K signaling upregulates GCLc and/or GSH in
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response to growth factors (adrenomedullin) [38], T-type-specific
calcium channel inhibitor (flunarizine), [39], and carbon monoxide
[22] suggest that PI3K/Nrf2 signaling represents a ubiquitous gene
transcriptional pathway for GCLc induction in many cell types and
under various stimuli. It is notable that a marked time lapse exists
between activation of PI3K/Akt/mTOR (within minutes, Fig. 3) and
achievement of significant nuclear Nrf2 expression (in 24 h, Fig. 5A).
The reason for the slow response for Nrf2 nuclear expression is
unclear, and could be related to mTOR signaling the translation of
new Nrf2. The kinetic correspondence of a delayed 24-h peak
expression of nuclear Nrf2 with that of GCLc message that preceded
expression of GCLc protein further suggests that achievement of
threshold levels of nuclear Nrf2 may be necessary to activate GCLc
transcription. Support for the interesting notion that blockade of
PI3K/Akt/mTOR signaling prevented inducible but not basal GCLc
expression comes from studies showing that an AP-1 sequence
embedded within ARE4 of the GCLc promoter was responsible for
constitutive enzyme activity but not for induction by p-naphtho-
flavone [40]. The findings of a lack of constitutive and insulin-induced
GCLc expression in dominant negative Nrf2 cells confirm a role for
Nrf2, in agreement with recent studies in IHECs [29]. Nrf2 involve-
ment in constitutive and tert-butylhydroquinone-inducible expres-
sion of other antioxidant enzymes such as glutathione-S-transferase
A2 (GST-A2) has been demonstrated [31]. Apart from PI3K, Nrf2
activity has also been shown to be regulated by other kinases
including MAP kinases [41], protein kinase C (PKC) [42,43], glycogen
synthase kinase 3p (GSK3PB) [44], and Fyn [45]. Moreover, its
heterodimerization with different transcription factors represents
another level of regulation [41,46,47].

Another novel observation is that low glucose promotes insulin-
induced GCLc expression and GSH increases. Taken together with our
recent findings that hyperglycemia (25 mM glucose) modulates PI3K/
Akt/mTOR and Nrf2-dependent transcriptional upregulation of GCLc
[29], the current results suggest that altered glucose status con-
tributed to insulin regulation of GCL activity. Hyper- and hypoglyce-
mia can induce oxidative stress via increased ROS generation [48,49].
Hyperglycemia-stimulated H,0, production was shown to enhance
insulin-induced Akt phosphorylation [48], while diamide-induced
GSH depletion and oxidative stress were demonstrated to inhibit the
activity of Bach1, an ARE binding transcription factor that negatively
regulates Nrf2 [50], thereby promoting Nrf2 signaling [51]. Interest-
ingly, the effect of glucose on insulin signaling appears to be cell type
specific; in rat hepatocytes insulin induction of GCLc and GSH was
independent of media glucose concentration [16]. At present, the
mechanism of glucose-induced effect on insulin-mediated GCLc
expression is unclear and is a current focus in our laboratory.
Preliminary evidence implicates ROS involvement and insulin-
induced GCLc promoter transactivation under conditions of hyper-
and hypoglycemia.

In summary, we have demonstrated that insulin promoted GCLc
expression and GSH recovery during oxidative challenge and that low
glucose was permissive for the insulin effect. Our results are
consistent with the activation of PI3K/Akt/mTOR signaling and Nrf2-
dependent GCLc expression in insulin-mediated GSH synthesis. Given
the existence of insulin receptors on endothelial cells, and that
decreased glucose promoted insulin regulation of GCLc and GSH
status, the current study will have important implications for
understanding the role of insulin in endothelial protection under
conditions of vascular oxidative stress and altered glycemic states,
such as occurs in diabetes, hypertension, atherosclerosis, and coronary
artery disease.
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